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The search for high relaxivities continues to be a central item in the development of paramagnetic 
contrast agents (CA) for magnetic resonance imaging (MRI).[l]-[3] This class of diagnostic agents is 
mainly represented by highly stable Gd m chelates since the Gd m ion, with its seven unpaired electrons, 
provides both a very high magnetic moment and a long electronic relaxation time. The observed 
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relaxivity r, for the free Gd UI chelatesmay be considered as the sum of three cTJntnbutions arising from 
the water molecule(s) directly coordinated to the paramagnetic ion (inner-sphere term),[I], [4] from 
water molecules hydrogen bonded at the surface of the complex (second coordination sphere term),[5] 
and from water molecules diffusing in the proximity of the complex (outer-sphere term).[l J, [4] By 
using the theory of paramagnetic relaxation, the design of improved systems has been pursued through 
the optimization of the determinants of each contribution to the overall relaxivity. However, it was 
found early on that the observed relaxivity could only be explained if further contributions are operative 
when interaction with the surface of the protein occurs. For example, the binding of GdDOTP 
(H g DOTP=l,4,7,10-tetrakis(methylenephosphonic acid)- 1, 4,7, 10-tetraazacyclododecane), which does 

not contain any inner-sphere water molecules, to human serum albumin (HSA) causes a relaxation 
enhancement of approximately five times. [1], [6] It was straightforward to assign such additional 
contributions to water molecules and exchangeable protons on the surface of the protein in the proximity 
of the binding site(s) of the paramagnetic complex. Clearly the microenvironment of the paramagnetic 
chelate is highly relevant to the determination of the relaxation-enhancing capability of a given Gd 
chelate. We deemed it of interest to explore new routes for the attainment of high relaxivities by 
exploiting such "protein surface" effects. The aim was to design systems containing a large proteic 
surface for interaction with the paramagnetic complex that would affect a large number of hydration 
water molecules and mobile protons, which, in turn, would exchange with the bulk solvent and act as 
amplifiers of the presence of the CA. One way to deal with a large surface is to design a spherical,. , 
compartment in which the CA is trapped while the water molecules are free to move in and out. Herein 
we report the results obtained by using a naturally occurring host molecule: apoferritin. 

Ferritin consists of a spherical protein shell (apoferritin) of 24 subunits with a central cavity which can 
accommodate up to 4500 iron atoms in the form of a ferric oxy hydroxide crystal. [7], [8] The central 
cavity is empty in apoferritin and has a diameter of 7-8 nm and an overall volume that can accommodate 
several contrast agent units. The access of external molecules to the inner cavity occurs through 
channels, formed at intersections of subunits, which are only 3-4 A in diameter. Clearly water can 
diffuse through these channels, but molecules with the diameter (8-9 A) of the currently used CA can 
not.[9], [10] 

A procedure for trapping small molecules inside the interior of apoferritin was previously reported.[l_L] 
It consists first of the dissociation of apoferritin into subunits at pH 2 followed by its reforming at pH 7, 
thereby trapping the solution components within its interior (Figure 1). The loaded apoferritin is then 
separated from the molecules that are not trapped inside the shell by exhaustive dialysis. The best 
loading is obtained by using neutral molecules to reduce protein precipitation during the re-assembling 
process. Thus, among the available Gd 111 chelates, GdHPDCOA, an extracellular contrast agent currently 
used in clinical practice, was chosen. The coordination cage is very tight (log K f =23.8) and the complex 
displays one coordinated water molecule (at acidic and neutral pH values) in fast exchange with the bulk 
water. By following the procedure described above (Figure i) it has been possible to entrap about 10 
paramagnetic chelate units within the interior of apoferritin when the concentration of the protein and of 
GdHPD03A were lxlO" 5 M and 0.1 m, respectively. The stability of the inclusion compound appears 
quite good as the relaxation rate of an aqueous solution of apoferritin loaded with GdHPDCOA did not 
change over several hours at ambient temperature or over one week at 4 °C. Furthermore, control 
experiments were carried out on the native apoferritin to check whether the CA can diffuse through the 
channels or can bind to the protein surface. Solutions of apoferritin (1 xlO" 5 M) were incubated with 
GdHPDCOA (0.1 M) at room temperature for two hours and then extensively dialyzed against 2-[4-(2- 
hydroxyethyl)-l-piperazinyl]ethanesulfonic acid (HEPES) buffered saline. After this treatment, a 
relaxation rate of approximately 0.5 s" 1 was measured, a value which is not too different from the 
diamaenetic contribution of the protein. This result indicates.the absence of the paramagnetic complex 
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in the solution and allows us to conclift that, under these conditions, it can noWTffuse into the interior 
of the protein cavity nor bind to the outer surface. 



figure 1. Schematic representation of the dissociation of apoferritin into 
, . V " I subunits at pH 2, followed by its reforming at pH 7. In this way the solution 

^ components are trapped within its interior. 
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The relaxivity shown by each Gd m complex included in the apoferritin at 20 MHz and 298 K is very 
high (about 80±5 mM' 1 s" 1 ). This value is almost 20 times higher than the r { value of the free 

GdHPD03A in water (4.2 mM" 1 s' 1 )^!!] and represents the highest value reported so far for systems 
containing one coordinated water molecule. One may argue that the observed relaxation enhancement 
might result from the dissociation of Gd 111 ions during the preparative work-up and its successive 
coordination to the protein. This possibility has been ruled out on the basis of the following 
observations: 1) the proton relaxation rate does not increase, as would have been expected if Gd ions 
were released, when an aqueous solution containing the apoferritin and GdHPD03A is maintained at pH 
2 for more than one hour; 2) the relaxation rate of a solution of GdCl 3 (1 xlO" 4 M) at pH 2 does not 
change upon the addition of apoferritin (lxlO" 5 M). This observation suggests that the carboxylic groups 
on the protein surface are protonated at pH 2 and are, therefore, unable to coordinate the Gd J+ ions; 3) 
the high-resolution l H NMR spectrum of EuHPD03A recorded at pH 2 is preserved upon its 
entrapment within the interior of apoferritin. The Eu 111 complex was used because the long electronic 
relaxation time of the Gd 111 ion induces severe line broadening of the resonances, which prevents the 
recording of high-resolution spectra. On the other hand, when the pH value of a solution containing 
GdHPD03A-loaded apoferritin is lowered to pH 2, the T x value measured after one hour is that 

expected for aqueous solutions of GdHPD03A at that concentration. 

The 1/T, nuclear magnetic relaxation dispersion (NMRD) profile (Figure 2), recorded over a wide range 
of Larmor frequencies (0.01-20 MHz), shows that the GdHPD03A-loaded apoferritin system displays 
high relaxivities at any Field strength with a relaxivity hump at higher fields, as is expected for 
macromolecular paramagnetic adducts endowed with slow molecular reorientational times. Thus, the 
inclusion of several GdHPD03A units per apoferritin cavity allows multiple interaction pathways to be 
established between the paramagnetic moieties, the water molecules (freely moving within the cavity or 
hydrogen bonded to the inner surface of the protein), and exchangeable protons, and thus yield an 
overall highly relaxing sink. The resulting relaxation scheme is basically the same as that occurring upon 
formation of protein/complex adducts, but it is now highly amplified by having a spherical surface. 



. • Figure 2. 1/7", NMRD profiles (0.01-20 MHz) of a 1 mM solution of Gd-loaded 
apoferritin (■) and of GdHPDOS A (O) at pH 7 and 25 °C. v=proton Larmor 
frequency, r, p =relaxivity. 
•. . ■'" [ Normal View 5K ] Magnified View 8K 1 
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Besides representing a good model foffhe attainment of high relaxivities, the (SPloaded apoferritin 
system may have several novel applications. For example, it may be functionalized with suitable 
functionalities (antibody, Fab, other recognition synthons) to bind specific targeting molecules that act 
as reporters of given pathological states. Interestingly, an analogous approach was suggested some years 
ago by Hainfeld[i3] for the delivery of 235 U atoms to tumors. Apoferritin was loaded with an average of 
about 800 atoms per molecule and then Fab antibody fragments were covalently attached to the 
uranium-loaded apoferritin. The resulting targeting system should provide significant advantages over 
boronated antibodies to meet the requirements for clinical neutron-capture therapy. 



Experimental Section 
000 

GdHPD03A was kindly provided by Bracco S.p.A. Apoferritin and all other chemicals were purchased 
from Sigma-Aldrich (St. Louis, MO, USA). 

The loading of paramagnetic chelates in the apoferritin cavity was carried out by lowering the pH value 
of a 1*10" 5 M protein solution (1 mL) to pH 2 using 1 M HC1 and maintaining this low pH value for 
about 15 min. After this time, when the dissociation of the apoferritin into its subunits was completed, 
the GdHPD03A complex was added to the solution and the pH value was adjusted to 7.4 using 1 M 
NaOH The resulting solution was stirred at room temperature for about 2 h and then exhaustively 
dialyzed against HEPES-buffered saline (HEPES 5 mM, NaCl 0.1 M, pH 7.4) to remove complexes not 
trapped inside the protein shell. The solution was then centrifuged. This operation is necessary to 
eliminate precipitated protein that may form during the experimental work-up. The final protein 
concentration was determined by the Lowry total protein micromethod assay (Sigma diagnostic). The 
residual GdHPD03A concentrations were determined by inductively coupled plasma-atomic emission 
spectroscopy (ICP-AES). A single ICP-AES measurement represents the average of five replicates from 
the same sample (previously digested in nitric acid). The average value for the residual GdHPD03A 
concentration was determined to be 0.061 5±0.005 mM from the results from four different preparations 
of GdHPD03A-loaded apoferritin. 

The longitudinal water proton relaxation rate was measured on a Stelar Spinmaster spectrometer (Stelar, 
Mede (PV) Italy) operating at 20 MHz by means of the standard inversion-recovery technique (16 
experiments, 2 scans). A typical 90° pulse width was 3.5 ^s and the reproducibility of the T { data was 
±0.5 %. The temperature was controlled with a Stelar VTC-91 air-flow heater equipped with a copper- 
constant thermocouple (uncertainty of ±0.1 °C). The NMRD profile was measured over a magnetic field 
strength range of 0.00024 to 0.24 T (corresponding to 0.01-10 MHz) proton Larmor frequency) on a 
Spinmaster FFC, fast field cycling NMR relaxometer, (Stelar, Mede (PV) Italy) installed at the LIMA 
laboratory (Bioindustry park, Ivrea (TO), Italy). High-resolution ! H spectra of the Eu complex were 
measured in D 7 0 with a JEOL EX-400 (400 MHz) spectrometer. 
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